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To date, the research on Zn®>" storage properties of nanosized high-nuclearity polyoxometalate clusters (HNPCs)
in aqueous zinc-ion batteries is still unexplored. Herein, we for the first time utilized the nanosized mixed-
valence K10[V1V16VV18082] (KVO) cluster as a Zn>* storage material to exploit novel Zn/HNPC battery with
eminent charge-discharge properties because the 3-D orderly packing of nanosized KVO clusters in the micro-
structure can engineer and construct multidimensional interconnected Zn?" migration channels, which can
endow the KVO host with high electron and Zn?* conductivities and high-efficiency Zn?* migration behavior. As
expected, the as-fabricated Zn/K10[VV6VV150g2] battery exhibits a high reversible capacity of 401 mAh g_l,
good cyclic stability with capacity retention of 93% over 4000 cycles at 3 A g~%, and favorable energy (285 Wh
kg™!) and power density (4.5 kW kg™1). A quantitative Zn?* storage mechanism has been proposed based on in-
depth insight on Zn?* intercalation/deintercalation behavior and redox reaction process during cycling. This
work not only provides a new zinc-ion battery research platform of HNPCs and opens up a new understanding of
the Zn2* storage mechanism in the POM host, but also demonstrates a tremendous and promising application
potential of HNPCs in aqueous batteries.

1. Introduction

The dominating commercial nonaqueous lithium-ion batteries (LIBs)
power human’s digital and mobile life on account of their high energy
densities. However, increasingly concerned environment, safety and
expense issues severely hinder their broad applications in large-scale
energy storage systems [1-4]. As alternative candidates, aqueous bat-
teries based on Na™, K+, Mg?*, Ca?*, Zn?" and AI®* ions have applealed
to considerable interest due to their lower expenses and higher security
in contrast to LIBs [4,5]. Among them, zinc-ion batteries (ZIBs) have
fascinated increasing attention and made some rapid progresses because
of high theoretical capacities (820 mAh g~! and 5855 mAh cm™>), low
redox potential of Zn?*/Zn (-0.76 V vs. standard hydrogen electrode),

* Corresponding author.
** Corresponding author.

small ionic radius (~0.076 nm for Zn?* and ~0.43 nm for Zn(H,0)?") as
well as environment amity [4,6-9]. However, exploring and discovering
suitable Zn?" host materials with high energy and power densities still
remain a tremendous and ongoing challenge. Some recent results have
indicated that simple vanadium oxides can be employed as the Zn>*
hosts and display higher theoretical capacities [2,7,8,10,11]. However,
the rate performance and cycling sustainability of the Zn/vanadium
oxide batteries are still unacceptable on account of the poor electrical
conductivity, narrow interlayer spaces and unstable structures of
layered vanadium oxides. Thus, controlling microstructure construction
and enlarging layer spaces of layered vanadium oxides by the chemical
intercalation of various cation pillars may effectively improve the
sluggish Zn?" diffusion kinetics and inhibit irreversible structure
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Fig. 1. (a) XRD patterns and (b) ESI-MS spectra of KVO and KVO-20. (c) The molecular structure of the [VIV16VV18032]1°’ polyoxoanion in KVO-20. Vanadium:
orange, oxygen: blue. (d-e) View of the staggered packing of [V'V16V";50g2]1'°" along the (0 1-1) face and its topological view in KVO-20. (f) The (0 1 1) face of
[VV16VV15052]'°" arrangement and their Zn?" migration channels highlighted by the rectangles (blue and yellow) and the balls (purple and pink). (g-h) Topologic
images of hierarchical interconnected channels based on (0 1-1) face stacked along b axis. The continuous yellow balls highlight the migration pathways. (i-1) SEM,
TEM, HRTEM and SAED images of KVO-20. (m) TEM image and the corresponding EDS elemental mapping of V, K and O.

destruction [12-16]. Although tremendous efforts have been made to
develop outstanding vanadium oxide cathode materials via various
strategies, the Zn?" diffusion is very limited due to the simplicity of
pathways and small size of channels for Zn?>* migration and diffusion
within layered vanadium oxides and the limited structure regulation
ability of simple vanadium oxides derived from too small molecular
building blocks. If multidimensional interconnected migration channels
can be constructed in the high-nuclear polyoxovanadate cluster (HNPC)
host materials, the Zn?* diffusion kinetics would be significantly
enhanced. It has been demonstrated that the well-ordered packing of the
nanoscaled polyoxometalate (POM) clusters can create the multidi-
mensional interconnected migration channels [17,18], which may meet
requirements of fast Zn?" diffusion in aqueous ZIBs. To the best of our
knowledge, in-depth investigations on POM-based aqueous ZIBs have
not been made to date.

POMs, as a large class of anionic metal-oxygen clusters formed by the
condensation of metal-oxide polyhedra in the corner-, edge- or face-
sharing manners, possess flexible molecular and electronic structures
and have shown excellent electrochemical activities in LIBs, sodium-ion
batteries and other energy storage systems [19-26]. As an important and
remarkable subclass of POMs, polyoxovanadates (POVs) can construct
diverse high-nuclearity mixed-valence cluster structures because vana-
dium bears flexible oxidation states between +2 and + 5 and behaves as
exceptionally rich coordination chemistry under controllable reaction
conditions by prudentially varying the pH value, the stoichiometry of
reactants, temperature and time in aqueous solution [27]. As a result,
POVs display the appealing redox chemistry and can undergo reversible
multielectron redox process with keeping the structures unchangable,

leading to a great application potential in the field of energy storage
[19-21,23]. Especailly, within the mixed-valence HNPCs,
different-valence vanadium centers often inhabit in similar coordination
geometries, engender the carried charges to delocalize over the cluster
framework and result in faster electron transport and eminent electro-
chemical activity [28-33], which can provide a good precondition for
the development of aqueous ZIBs. On the other hand, the 3-D packing of
large-size molecular HNPCs can construct multidimensional inter-
connected migration channels, favoring to the fast Zn?* transport. Thus,
we hypothesize that mixed-valence HNPCs may serve as benign Zn%"
host materials in ZIBs and effevtively improve the rate performance and
cycling sustainability of the Zn/HNPC batteries. As far as we know, there
is no report on mixed-valence HNPCs with reversible redox activity and
multidimensional interconnected migration packing channels used as
the Zn?* host material in aqueous ZIBs.

Under these considerations, in this article, we prepared a nanosized
mixed-valence crystalline HNPC Kio[V!V16VV15082]-20H,0 (KVO-20)
according to the previous literature [34]. Then, it was dried in a Ny
atmophere at 200 °C for 3 h to afford K1o[V'V16VV15082] (KVO). The
nanosized ellipsoid-shaped [VIV16VV18082]1°’ polyoxoanion is con-
structed from a central {V40g} cube and 30 {VOs} square pyramids
through twenty six us-and four us-oxygen atoms. Moreover, the 3-D
packing aligment of [VIV16VV18082]10’ polyoxoanions and K* cations
gives rise to available multidimensional interconnected Zn?" migration
channels. As anticipated, the as-fabricated Zn/KVO battery exhibits high
energy density (285 Wh kg™1), power density (4.5 kW kg™!) and a
considerable long-term cycle performance (4000 cycles at 3 A g~1) with
impressive capacity retention (ca. 93%). More importantly, the Zn%*
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Fig. 2. (a) CV curves and (b) discharge—charge profiles of batteries equipped with KVO cathodes in the first two cycles. (¢) Cycle performances of batteries with
different areal mass loadings with the KVO cluster at a current density of 0.5 A g~ (d—e) Rate performance and the discharge—charge profiles of batteries at different
current densities. (f) Long-cycle performance of the battery equipped with KVO cathode at 3 A g~*. (g) Ragone plots: comparison of energy and power densities of the

Zn/KVO battery with ZIBs based on other reported cathodes.

storage mechanism and redox reversibility of KVO in the electro-
chemical process were systematically investigated and elucidated. This
finding not only opens up a promising platfom of HNPCs applied to the
ZIB field, but also displays a great potential of HNPCs in the field of new
energy batteries.

2. Results and discussion

The crystalline Klo[Vlvl(,VVlsng] -20H,0 (KVO-20) was synthesized
according to the literature (see Supporting Information) [34], and then
dried in N5 at 200 °C for 3 h to remove the water molecules (based on the
TGA result, Fig. S1), giving rise to the final product KVO. As shown in
Fig. la, the simulated XRD pattern of KVO-20 (CCDC No: 1671647)
matches well with the experimental result of KVO-20. It should be
pointed out that the slight shifts of (01 1), (1 00), (01-1), (00 2) and (1
0 1) diffraction peaks of KVO result from removal of crystal water
molecules, leading to the narrow spaces of adjacent HNPC clusters [35].
Electrospray ionization mass spectrometry (ESI-MS) measurements
indicate that the polyoxoanion skeleton of the overwhelming majority of
{V340g2} can still retain unchanged in aqueous solution (Fig. 1b,
Figs. S2a-b, Table S1) [33,36,37], which provides a solid foundation for
electrochemical studies of KVO used for the Zn?* host cathode material
in rechargeable aqueous ZIBs.

The nanosized ellipsoid-shaped [VIV16VV18032]10’ polyoxoanion
with the size 1.27 x 1.58 nm in KVO-20 consists of a central {V40g}
cube and a {V30074} shell built up from 30 {VOs} square pyramids by
sharing edges and corners via twenty six pp-and four p3-oxygen atoms
(Fig. 1¢). Adjacent [V'V16VV15082]1'"" polyoxoanions are interacted by
K" cations to form the 2D layer along the (0 1-1) plane (Fig. 1d). If
taking the [VIV16VV18082]10’ polyoxoanion as a 4-connected node, the

2D layer can be simplified as a (4, 4) topology network (Fig. 1e). The
layer packing structures constructed from [VIV16VV150g2]1'°" poly-
oxoanions and K' cations contain plentiful channels (0.67 x 0.87 nm)
and open gaps with three sizes (0.60 nm, 0.44 nm and 0.32 nm) for fast
Zn?* diffusion rate (Fig. 1d-h). Combined with the interlayer pathways
including two types of channels (0.53 x 0.97 nm and 0.75 x 0.75 nm)
and two sizes of gaps among the clusters (0.29 nm and 0.31 nm, Fig. 1f
and g), KVO clusters construct hierarchical interconnected migration
channels in different spatial dimensions to improve the Zn?* transport
capacity (Fig. S3a). The uniform continuous spatial 2D layer structure
built by [VV14VV150521'% polyoxoanions and K* cations can also be
observed in SEM and TEM morphologies (Fig. 1i and j), which is bene-
ficial for the Zn?* migration. Furthermore, the measured lattice spacing
of 1.085 nm in the high-resolution TEM (HRTEM) image agrees well
with the arrangement of [VV16VV150s5] 10— polyoxoanions in the (1 0 1)
face (Fig. 1k, Fig. S3b). The selected area electron diffraction (SAED)
image verifies its single-crystal nature, which corresponds to the XRD
result. The observed HRTEM image of (0 1-1) face further confirms the
crystalline structure feature of KVO-20 (Figs. S3c—e). TEM and SEM
morphologies and elemental mapping images demonstrate the layered
structure of KVO and homogeneous distribution of K, V and O atoms
(Fig. 1k, Fig. S4). Inductively coupled plasma atom emission spectros-
copy (ICP-AES) can quantify the stoichiometric ratio of K and V in KVO
(Table S2). Moreover, the electric conductivities of KVO-20, KVO and
V205 have been measured by an in-situ micro-four-point probe tech-
nique under low pressures (0.5, 1.0, 2.0, 4.0 MPa) at room temperature
(Fig. S5). Experimental results exhibit that the electrical conductivities
of KVO-20, KVO and V.05 respectively vary in 2.15 x 107> - 2.71 x
10°Sem 1,230 x 107°-2.79 x 10 °Sem ' and 0.77 x 107° - 1.4 x
1075 S cm™! under low pressures of 0.5, 1.0, 2.0, 4.0 MPa. It can been
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Fig. 3. (a) CV curves of the KVO cathode at different scan rates. (b) -log(current) vs. -log(scan rate) plots of four peaks in the CV curves during cycling. (c)
Pseudocapacitive fraction (shown by the orange area) calculated at a scan rate of 0.2 mV s~ ! from CV curves at different scan rates and (d) pseudocapacitive fractions
at different scan rates; (e-f) Charge—discharge profiles and time variation of GITT measurement and the corresponding diffusivity coefficients of Zn?>* during the

charging and discharging processes.

clearly seen that the electrical conductivity of KVO-20 and KVO is better
than that of V405 under the same conditions (Fig. S5). The as-obtained
results can favor to verify the superiority of mixed-valence POVs in
electron transport behavior.

To probe its application in ZIBs, we assembled the Zn/HNPC cells
using the as-prepared KVO cathode, the Zn foil as the anode and 2.5 M
Zn(CF3S03)2 aqueous solution as the electrolyte. As illustrated by XRD
patterns of the KVO cathode in fresh cell and KVO-20 (Fig. S6), the re-
hydration effects of dehydrated KVO in aqueous electrolyte can be
confirmed. Moreover, the similar electrochemical behaviors of KVO-20
and KVO cathodes during cycling demonstrate that the removal of
crystal water molecules could help to afford an accurate quantification
of clusters during cathode preparing process, which have no effect on
the structural stability of {V3gOy4} clusters and Zn?' intercalation/
deintercalation behavior, indicating the same Zn>" storage mechanism
of KVO-20 and KVO cathodes in Zn/HNPC cells.

Fig. 2a shows the cyclic voltammetry (CV) curves of the first two
cycles at the scan rate of 0.1 mV s~ in the voltage window of 0.2-1.5 V.
The obvious difference between the oxide peak in the range of 1.4-1.5V
in the first cycle and that in the second cycle during the charging process
indicates the discrepant oxidation reactions and the appearance of
irreversible oxidative products in the charging process of the first cycle
[1,35]. This observation can be proved by varying the charge platform
between 1.4 and 1.5 V in the first two galvanostatic charge-discharge
(GCD) curves (Fig. 2b). Moreover, the ex-situ XRD result at the full
charged state(1.5 V) in the first cycle (Fig. S6) further demonstrates the
appearance of the oxidative product KoVg014-1.5H20 (JCPDS Card No.
51-0379, to be discussed below).

In this work, the KVO cathode (the areal mass loading: ~3.0 mg
cm~2) was used to evaluate specific capacity, capacity retention, cycle
stability and rate capability of KVO (Fig. 2 and Fig. S7). It can be seen
from Fig. 2c and Fig. S8 that the cathode with the KVO loading of 3.0 mg
em ™2 delivers 350 mAh g~! capacity with coulombic efficiency around
99% at a current density of 0.5 A g1, in which a capacity retention of

88.8% is obtained during 200 cycles. The cathode with a high KVO
loading of 15.5 mg cm ™2 exhibits a reversible capacity of 411 mAh g ! at
0.05 A g~ 1. Granting to the total two-electron transfer between V°* and
v+, we calculated that the theoretical specific capacity of 531 mAh g~}
can provide 68 electrons to pass through during the redox reaction ac-
cording to the equation of theoretical specific capacity (Q = nF/3.6Mw).
Here, the obtained reversible capacity of 411 mAh g~! at 0.05 A g~}
signifies the transfer process of 55 electrons during cycles, revealing a
high redox reaction efficiency in the KVO cathode [33]. When tested at
the current density of 0.5 A g%, the high loading cathode presents a
stable discharge capacity of 299 mAh g~ with the capacity retention of
93.3% over 200 cycles. Apparently, the better capacity retention of high
KVO loading electrode than the low KVO loading cathode can be
attributed to the less loss ratio of KVO in solubility equilibrium in the
same electrolyte dosage in a single cell [38]. The tardy capacity decay at
0.5 A g~ is ascribed to the dissolution of KVO in water, leading to the
loss of active material, which is similar to the capacity decay of
lithium-sulfur battery system related to the resolvable sulfur and poly-
sulfides [39-41]. Additionally, the occurence of K and V atoms in the
ICP-AES results of electrolyte after 2 cycles and 20 cycles indicates the
correlation of capacity decay and active material dissolution (Table S2).
The capacity decay can be facilely controlled by adjusting the ratio of
the electrolyte dosage to the mass of active material (E/A, pL. mg 1) in
one cell [42,43]. The results in Fig. S9 show that the Zn/KVO battery
exhibits better capacity retention (96.6%) when E/A is controlled at
23.3 uL. mg~!. In the following discussion, all electrochemical mea-
surements are performed at the uniform E/A value (23.3 pL mg™}) to
evaluate the properties of the KVO cathode. Apart from the high ca-
pacity retention, the Zn/KVO battery also exhibits favorable rate ca-
pacity and cycle performance (Fig. 2d-e). When the current density
varies from 0.1 to 9 A g1, the capacity decreases from 383 to 138 mAh
g L. Upon switching back to 0.1 A g~! after 190 cycles, the specific
capacity recovers to 380 mAh g™}, revealing excellent recovery capa-
bility. After the rate performance test, the Zn/KVO battery still
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maintains a capacity of 204 mAh g~ ! at 1 A g~! with a superior capacity
retention as well as cyclic stability over 600 cycles. The excellent rate
capability provides the direct evidence of the fast Zn?* diffusion kinetics
in the hierarchical interconnected migration channels and unimpeded
electron transport in the cathode, which is also proved by electro-
chemical impedance spectroscopy (EIS) measurements (Fig. S10).
Compared with the fresh cell, the significant decrease of charge transfer
resistance after recycling implies that the activated process of bulk KVO
cathode can enhance the utilization of the active material and decrease
the electrode polarization [44,45]. Moreover, the small ohmic resistance
(Rp) indicates the fast electron transport behavior in the fabricated
conductive framework of the cathode owing to the conductive
mixed-valence HNPCs. The increassing of Ry, and the appearance of ion
diffusion resistance (Rg) in the high-frequency region should be ascribed
to the formation of the irreversible product K;VgO16-1.5H,0 (Fig. S10).
The low charge-transfer resistance (R.t) from the Nyquist plot after
cycling means the fast Zn?* immigration in the KVO cathode as well.
Impressively, the battery equipped with KVO cathode even at 3 A g~
during cycling exhibits the high capacity of 252.9 mAh g~! and still
retains 226.3 mAh g~ after 4000 cycles (Fig. 2f), accompanying with
the high coulombic efficiency (~99%), which manifests a
super-long-term cycling performance, good electrochemical revers-
ibility as well as excellent structure stability of KVO clusters and the
Zn?" migration channels. As a result, the Zn/KVO battery (Fig. 2g)
displays a superior energy density (285 Wh kg™!) and an impressive
power density (4.5 kW kg’l) (based on the mass of KVO in the cathode).
In comparison, the Ragone plots further demonstrate that the high en-
ergy and power densities of the as-prepared Zn/KVO battery outstrip the
majority of the reported batteries based on layered vanadium-based
hosts such as N32V6016-1.63H20 [46], Na0.33V205 [47], Zn()_25V205
[48], Mg,V;05-nHo0 [22], VO, (B) [49], LiyV305-nHy0 [50],
NaV30g-1.5H50 [52], VOPO4 [35] and V205 [53]. Besides, the specific
capacity, capacity retention and mass loading of the KVO cathode also
have displayed apparent advantages as listed in the summary of those
reported host materials (Table S3). Additionally, the fully charged cell
shows a minor voltage dropping after standing for 7 days (Fig. S11),
manifesting an acceptable calendar life, although there is still room for
improvement by a dissolution-inhibiting strategy. In short, the
mixed-valence KVO cathode with reversible redox activity and good
electrical and Zn?" conductivity is a promising candidate for the Zn2"
storage.

To explain the excellent electrochemical performance roundly, the
electrochemical mechanism for Zn?* storage behavior in the KVO
cathode was achieved by a simple CV method to get insight into the
diffusion-controlled and the pseudocapacitive-controlled capacities of
the Zn/KVO battery [21,22,50,51]. It can be seen from Fig. 3a that CV
curves of the KVO cathode show similar shapes at various scan rates
from 0.2 to 1.3 mV s, indicating the excellent reversibility. According
to the CV curves of different scan rates and the power law relationship
between scan rate v and currenti (i = avb, where the b value is between
0.5 and 1, b = 0.5 for a diffusion-controlled behavior and 1.0 for a
surface-controlled capative response), the b values at peaks of discharge
—1, 2 and charge —1, 2 are 0.7741, 0.7054 and 0.8220, 0.8514,
respectively, indicating the collaborative control process by ion diffu-
sion and pseudocapacitive behavior, as presented in Fig. 3b [54]. The
quantitative distribution of diffusion and pseudocapacitive contribution
can be analyzed by the previous approach developed by Dunn et al. (i =
kv + kov'/2, the total current (i) is divided into the capacitive contri-
bution (k;v) and the diffusion-controlled current (kov'/2), see details in
the supporting information) [54,55]. For example, Fig. 3c displays the
capacitive contribution of 58.6% at a scan rate of 0.2 mV s~ L. The ratios
of pseudocapacitive contribution in the total capacity at different scan
rates (0.2-1.3 mV s’l) can be summarized in Fig. 3d. The capacitive
contribution gradually holds the predominant place with the increase of
scan rate, which can support its good rate capability [11,22,50,56]. The
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Fig. 4. (a) Ex-situ XRD patterns of the KVO cathode at different voltages of the
10th cycle. (b-c) XPS curves for Zn and V elements at different charge/
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high pseudocapacitive contribution of the KVO cathode can be ascribed
to the intercalation pseudocapacitive mechanism [55,57]. In the crys-
talline KVO, Zn®" ions can intercalate into the 3D interconnected Zn>*
migration channels accompanied by a faradaic charge-transfer with no
crystallographic phase change (based on the ex-situ XRD patterns in the
following part (Fig. 4a and Fig. 4a S6)). Here, crystalline KVO with the
engineered 3D interconnected Zn?" migration channels possess abun-
dant inner surface and fast Zn**" migration channels in crystalline KVO,
which provides vast surface sites and fast diffusion paths to dominate
effective redox reactions with vanadium atoms and fast Zn?" diffusion
kinetics, increasing capacitive-controlled current espically in high rate.
Galvanostatic intermittent titration technique (GITT) that was discussed
below substantiates the fast Zn?" diffusion kinetics in the KVO cathode.
The nitrogen adsorption-desorption isotherms manifest that the KVO
material has a small specific surface (only 1.7 m? g_l) (Fig. S12), which
can further confirm the intercalation pseudocapacitive mechanism.
Therefore, the KVO material may be considered as an intrinsic pseudo-
capacitive material exhibiting the characteristics of the capacitive
charge storage, which is not affected by particle sizes and morphologies
[57]. GITT was employed to lucubrate the Zn2" diffusion kinetics in the
KVO cathode (Fig. 3e-f, Fig. S13) [50,58]. Encouragingly, the diffusion
coefficient of 1078-107° cm? 5! for the bulk crystal KVO is higher than
those of bulk V505 107121071 em? s71) [45] and other reported
nanoscale layered materials such as layer V05 (10’9—10’10 cm? s’l)
[59], nanobelt Zng5V205-nHy0 (107°-1071% em? s71) [48], porous
frameworks Zng(OH),V207-2H20 (107°-1071% em? s71) [11], and VO,
®) 107" em? s71) [60] etc. Obviously, although the bulk KVO is
directly applied to make the cluster cathode by a simple manual
grinding method, the diffusion capability is impressive by virtue of the
distinctive hierarchical interconnected Zn?>" migration channels.

The phase and structure changes during insertion/extraction of Zn**
ions in the KVO electrode have been elucidated by ex-situ XRD and ESI-
MS results during the 10th cycle (Fig. 4a). Firstly, the preliminary
conclusion of the irreversible product KoVgO16-1.5H20 generated in the
charging process during the first cycle can be confirmed by XRD patterns
(Fig. S6). Accompanied by the formation of the irreversible product, the
intensities of KVO peaks [(0 1 1), (1 0 0), (0 1-1), (0 0 2) and (1 0 1)]
diminish at the voltage of 1.5 V. Besides, the shift and recovery of
characteristic (0 0 2) peak for KyVeO16-1.5H20 at 10.9° during the cycle



K. Yang et al.

Zn2*
intercalation

First
discharge

® K*
2 Zn%
s O
oV

.. H,0

K,VeOy6 +1.5H,0

Zn?* intercalation
Zn?* deintercalation
Subsequent cycles

+ Sy
I8y " 4

KyZn,Vg046 - 1.5H,0  Zn,(OH),V,0; -2H,0
(2.14>x>0)

¥ W,

Ks 40ZN15.03[V340s0]

Fig. 5. Schematic illustration of Zn®>* intercalation/deintercalation process of
the KVO cathode during cycling.

process indicate the reversible Zn?' intercalation/deintercalation
behavior in K3Vg016-1.5H20 as a host material, which is further sup-
ported by the studies on the Zn?* storage capability of KoVO16-1.5H20
reported by Liang et al. [61]. Secondly, during the discharging process, a
new phase of Zn3(OH)5V207-2H,0 (JCPDS Card No. 50-0570) appears
and increases gradually. Meanwhile, it can be observed that the
diffraction intensities of (1 0 0), (0 1-1), (0 0 2) and (1 0 1) peaks
decrease in the range of 7.2-8.2° for KVO. During the charging process,
Zn3(OH)2V207-2H,0 gradually decreases and disappears, suggesting the
reversible phase conversion of the Zn3(OH),V, O7-2H50 electrode [61,
62]. Furthermore, it can be seen from the blue band marked regions in
Fig. 4a that the characteristic KVO peaks of (1 0 0), (0 1-1), (0 0 2) and
(1 0 1) in the range of 7.2-8.2° shift toward lower 26 angles during Zn>*
intercalation process and then recover to the original state in the sub-
sequent deintercalation process, suggesting the redox reversibility and
structure stability of [Vlvlﬁvvlgng]lo’ clusters. Moreover, TEM and
HRTEM images of the KVO cathode after the first and two discharging
processes indicate that the crystalline phase of KVO with the enlarged (1
0 1) plane is still maintained during repeated intercalation process,
reflecting the stability of the KVO host (Fig. S14). But the lattice infor-
mation of KoVg016-1.5H20 [(3 1 0) and (6 0 0) planes] and Znz(OH),.
V207-2H50 [(0 0 2) plane] can be detected from the second discharge
sample, demonstrating the generation of the irreversible products. The
detectable polyoxoanion fragments of KVO with charges of —8, —7 and
—6 by ESI-MS in KVO cathodes at 0.2 V and 1.5 V further substantiates
the redox stability of the cluster in ZIBs (Figs. S2c—d, Table S1) [33].
X-ray photoelectron spectroscopy (XPS) measurement provides an
insight into the valence conversion of Zn and V elements during the
charging-discharging process (Fig. 4b and c). Compared with the Zn 2p
peak of the KVO cathode at initial state, the evident intensity change of
Zn 2p peaks at full charge (1.5 V) and discharge (0.2 V) states
convincingly proves the effective Zn?t intercalation/deintercalation
behavior in the KVO cathode during cycling (Fig. 4b). For the original
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KVO cathode, V°* and V** ions exist. When the battery discharges to
0.2V, V3% jons can be detected while V°* ions are lost, where V°*/v**
(the molar ratio is 1.125) of KVO converts to V4* /vt with a molar ratio
of 1.40 based on the peak area of XPS, suggesting that the Zn" guest
inserts into the host. After the subsequent charging process, V**/V3* is
oxidized to high-valence V>*/Vv** with a molar ratio of 5.53, owing to
the almost complete deintercalation of Zn?' ions from the cathode
material [63].

To further uncover a quantitative reaction mechanism in the KVO
cathode, the stoichiometric ratios of K, V and Zn elements at different
electrochemical states were measured by ICP-AES [47,52]. Since
K3Vg016:1.5H20 and Zn3(OH),V207-2H50 are insoluble, the stoichio-
metric ratios of K, V and Zn atoms for the soluble KVO cluster at full
charge and discharge states can be calculated from the ICP-AES results
(Table S2). After the first charging process, the content decrease of the K
element can be ascribed to the formation of irreversible
K3Ve016-1.5H50. Based on the above studies and the reported specific
capacity (175 mAh g ! at 0.5 A g 1) of K4V016:1.5H,0 in Liang’s work
[61], we propose a reasonable storage mechanism (Fig. 5).

The detailed electrode reactions are summarized as below:

The first cycle

Discharging process:

Cathode:

Kio[V340s2] + 6.73 Zn>" + 13.46 €™ — Ky0Zng73[V34052] (€]
Anode:
6.73 Zn — 6.73 Zn>* + 1346 ¢ 2

Charging process:
Cathode:

K10Zn673[V340s2] + 2.09 H,O — 0.86 Kg40Zn.19[V34082] + 1.39
K»V016-1.5H,0 + 6.56 Zn*" + 20.08¢” 3)

Anode:
3.48 Zn?t + 6.56 Zn>" + 20.08 ¢~ — 10.04 Zn 4)
Overall reaction:

K[ V340s2] + 3.48 Zn>" + 2.09 H,O < 0.86 Kg 40Zng 19[V340s2] + 3.32 Zn
4+ 1.39 K»V¢Oi6-1.5H,0 )

The subsequently cycles:
Cathode:

Kg.40Zng. 19[V340s52] 4+ 1.62 KoVO16-1.5H,0 + 22.74 Zl’12+ + 2y HyO +45.48
€ Kg40Zny503[V34082] + yZn3(OH):V,07-2H;0 + 1.62

K7ZnsVeOi6:1.5H0 (2.14 > x > 0, 2.33 > y > 1.18) 6)
Anode:
22.74 Zn < 22.74 Zn**+ + 4548 e 7)

Overall reaction:

Kg.40Zng.19[V34052] + 1.62 K2VO16:1.5H,0 + 2yH,0 + 22.74 Zn <
Ks.40Zn15.93[V34082] + yZn3(OH)2V207-2H0 + 1.62 KoZnxVOy6-1.5H,0
214 >x>0,233 >y > 1.18) (8)

In the initial discharging process, Zn®* ions insert into the KVO
cathode to produce K;9Zne 73[V340g2], and then the vast majority of
Zn** ions are extracted to obtain Kg.40Zn.19[V34082] upon charging.
The decreased K* ions are attributed to participating in an irreversible
reaction in the voltage range of 1.4-1.5 V, which deliver a charge spe-
cific capacity of ~51 mAh g~ at the current density of 0.05 A g~ '.
During subsequent cycles, Kg40Zng19[V340g2] and the irreversible
product (K2VgO16-1.5H20) serve as the host materials for reversible
Zn?* intercalation/deintercalation, which accompany with the revers-
ible generation and consumption of Zn3(OH);V207-2H20. Due to the
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Fig. 6. (a) Structural illustration of the series-connected electrodes in a coin-
type cell. (b) The tests of OCV and power LED lights. (¢) LED array contain-
ing 66 bulbs powered by one cell (Eocy = 4.60 V). (d) CV curve of the high OCV
cell (2.3 V) in the voltage range of 0.4-2.8 V and its cyclic performance at a
current density of 0.05 A g~ 1.

narrow electrochemical stability window (1.23 V) of aqueous electro-
lyte, it is a significant challenge to acquire an aqueous battery with high
open circuit voltage (OCV) [64]. Thus, various electrolyte stabilization
strategies are considered as fundamental methods to expand the elec-
trochemical stability window [1,65]. Herein, the Zn/KVO battery with
high OCV (2.30-4.60 V) was assembled and integrated in a coin-type
cell by the strategy of series-connected electrodes in order to reduce
the mass of the inactive portion (Fig. 6a). As OCV rises, the brightness of
LED lights powered by the single cell is boosted (Fig. 6b). Additionally, a
single high OCV cell can light up sixty-six light-emitting diodes with a
shape of “HENU” (Fig. 6¢), illustrating the application potential of our
high OCV batteries. Furthermore, the electrochemical test of the single
cell with 2.30 V in the voltage range of 0.4-2.8 V exhibits the expanded
operating voltage and favorable cycle reversibility by CV and GCD
measurements (Fig. 6¢—d, Fig. S15), which pave a feasible way for the
practical application of aqueous ZIBs.

3. Conclusion and outlook

In summary, we firstly report a HNPC KVO with mixed-valence va-
nadium centers as a high-performance host material for zinc storage in
aqueous ZIBs. Owing to the reversible redox activity and multidimen-
sional hierarchical interconnected Zn?* migration channels of mixed-
valent KVO clusters, the resulting KVO cathode displays fast Zn>* and
electron diffusion kinetics and behaves as the high reversible capacity,
excellent rate capability and impressive long-term cycle performance.
Capitalizing on the KVO cathode, the quantitative redox reversibility of
the KVO cluster and the Zn?" intercalation/deintercalation mechanism
have been investigated thoroughly, which clarify a reasonable and
characteristic reaction process of electrodes during the first cycle and
the subsequent cycles. Furthermore, a feasible optimizing strategy of the
single cell structure to increase OCV and maintain electrochemical
reversibility has been put forward. This finding firstly offers a reliable
understanding of Zn?* storage and POM’s redox mechanism in a novel
aqueous Zn/POM battery, which casts light on the design of more
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advanced Zn?* host materials and provide a promising direction for the
POM application.
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